Dickson RP, Erb-Downward JR, and Huffnagle GB. Homeostasis and its disruption in the lung microbiome. Am J Physiol Lung Cell Mol Physiol 309: L1047-L1055, 2015. First published October 2, 2015; doi:10.1152/ajplung.00279.2015.-The disciplines of physiology and ecology are united by the shared centrality of the concept of homeostasis: the stability of a complex system via internal mechanisms of self-regulation, resilient to external perturbation. In the past decade, these fields of study have been bridged by the discovery of the lung microbiome. The respiratory tract, long considered sterile, is in fact a dynamic ecosystem of microbiota, intimately associated with the host inflammatory response, altered in disease states. If the microbiome is a "newly discovered organ," ecology is the language we use to explain how it establishes, maintains, and loses homeostasis. In this essay, we review recent insights into the feedback mechanisms by which the lung microbiome and the host response are regulated in health and dysregulated in acute and chronic lung disease. We propose three explanatory models supported by recent studies: the adapted island model of lung biogeography, nutritional homeostasis at the host-microbiome interface, and interkingdom signaling and the community stress response.
The fixity of the milieu supposes a perfection of the organism such that the external variations are at each instant compensated for and equilibrated. . . all of the vital mechanisms, however, varied they may be, have always one goal, to maintain the uniformity of the conditions of life in the internal environment. . . the stability of the internal environment is the condition for free and independent life.
Nearly a century and a half later, this "stability of the internal environment" 1 remains the defining concept of respiratory physiology. On the levels of the molecule, the cell, and the organ system, our field studies how healthy lungs provide unwavering stability in oxygen delivery, pH, pulmonary and systemic arterial pressures, and countless other parameters essential for "free and independent life." Pathophysiology, in turn, studies the disruption of homeostasis: the mechanisms by which our internal systems of self-regulation and compensation are overwhelmed or become maladaptive.
If physiology studies homeostasis within organisms, ecology studies homeostasis between organisms. Both seek to explain how it is established, sustained, and eroded. 2 Ecology is replete with examples of stability of the external environment: order emerging from the dynamic complexity of organism-organism and organism-environment interactions. Across the world's oceans, the ratio of carbon to nitrogen to phosphorus in seawater is a fixed 106:16:1 (the Redfield ratio), a ratio that matches the atomic ratio of phytoplankton and remains constant despite the complex cycling of these elements between the atmosphere, the oceans, and their organisms (46) . The Lotka-Volterra equations describe the periodic stability of populations in predator-prey relationships (54) [such as, famously, the moose and wolves of Michigan's Isle Royale National Park (16) ]. Ecology also offers its own examples of disruption of homeostasis, either due to an external disturbance [e.g., forest fire, volcanic eruption, or introduction of an invasive alien species (41) ] or via destabilizing positive feedback loops that propel explosive growth and collapse of communities (6) [e.g., the dramatic and sudden appearance of algal blooms in water systems (51) ].
In the past five years, these parallel concepts, physiological and ecological homeostasis, have been bridged by the discovery of the lung microbiome. The long-held dogma that the lungs are sterile in health has been debunked by the advent of culture-independent techniques of microbial identification. Dozens of studies have confirmed that our "internal environment" is in fact the "external environment" for a diverse and dynamic community of microbiota, present in health and altered in disease (10, 15) . This revolution in respiratory microbiology demands a reassessment of the concept of homeostasis within the human respiratory tract. Our new conceptual models of respiratory homeostasis must span the host-microbe divide, incorporating concepts of both physiology and ecology to explain how we, and our respiratory microbiota, maintain and lose the stability of this environment in health and illness. In this essay, we propose three models of respiratory homeostasis, all supported by recent experimental studies of the lung microbiome. We describe self-regulating systems at the hostmicrobiome interface that determine the number of species present and the bacterial burden in the healthy human lung; we also propose how this homeostasis is disrupted by self-propelling positive feedback loops resulting in the dysregulated inflammation and injury of pneumonia and the acute respiratory distress syndrome (ARDS).
Model 1: The Adapted Island Model of Lung Biogeography
Prior to the discovery of the lung microbiome, the microbial composition of the lung was considered a binary phenomenon: it contained either zero community members (in the "sterility" of health) or one overwhelming community member (in pneumonia). [An exception to this, ahead of its time, was the recognition of polymicrobial airway colonization in cystic fibrosis (CF) (50) ]. The implausible simplicity of this binary model has been made apparent by more than 30 published studies that have tested the lungs of healthy subjects with modern molecular techniques of bacterial identification: none has demonstrated the absence of bacterial signal.
Studies of the healthy lung microbiome have been quite consistent in their key findings, across both study populations and laboratories (3, 5, 8, 27, 39, 48) . The lung microbiome, as detected either by bronchoalveolar lavage (BAL) fluid or protected specimen brushings (PSB), contains a bacterial burden that is greater than procedural control specimens and less than that of the upper respiratory tract. The community members of the lung bacterial community more closely resemble those of the mouth than other potential source communities [e.g., the nose or a hematogenous source (3, 53) ]; this observation holds regardless of whether the bronchoscope is inserted nasally or orally (9, 15) . The most abundant genera, mirroring the mouth, are Prevotella, Veillonella, and Streptococcus. Community richness (the number of species detected in each specimen) of the lung is roughly half that of the mouth (3, 5) . Intrasubject variation in lung microbiota (sampled at different sites within the lungs) is significantly less than that of intersubject variation (8) : the microbiome of an individual's right middle lobe more closely resembles that of his/her left upper lobe than it does his/her neighbor's right middle lobe.
These facts, now thoroughly established, invite consideration of ecological homeostasis within the healthy respiratory tract. The microbiome of the healthy lung exhibits the hallmark of homeostasis: stability of the internal environment, order and regularity within a complex and dynamic system of population dynamics and host defenses. Some stabilizing process must explain why the community richness and abundance of the lung microbiome is consistently measured within a defined range: greater than the background signal detected in laboratory reagents, less than that of the upper respiratory tract, independent of the route of sampling (BAL or PSB, via the mouth or via the nose). In articulating these mechanisms of stability, we may draw inspiration from the principles and seminal concepts of the field of ecology.
The lung microbiome, like any community (microbial or otherwise), is determined by the balance of three factors: immigration of community members, elimination/extinction of community members, and the relative reproduction rates of community members as determined by regional growth conditions (Fig. 1A) . Any change in the community membership of the lung microbiome, by first principles, must be due to some combination of these three factors. Immigration to the microbiome is largely attributable to subclinical microaspiration, which has been shown to be ubiquitous among healthy subjects in multiple studies dating back to the 1920s (1, 24, 28, 45) ; minor contributions to immigration may be attributable to inhalation of air [which contains 10 4 -10 6 bacterial cells per cubic meter (32) ] and direct contiguous spread of reproducing microbial colonies. The mechanisms of microbial elimination are familiar to respiratory physiologists: cough, the mucociliary escalator, and innate and adaptive immune defenses. Finally, the ecological factors that define regional growth conditions and relative reproduction rates of lung microbiota are the physiological parameters of the lungs' internal environment: oxygen tension, pH, relative blood perfusion, relative alveolar ventilation, temperature, and the concentration and activation of host inflammatory cells. All of these physiological factors have profound in vitro and in vivo effects on the relative growth of bacteria; the growth of a given bacterial species is selectively advantaged or disadvantaged by a given constellation of oxygen, temperature, pH, etc.
A key initial question in the field, now convincingly and consistently answered by a variety of approaches, is to what degree the lung microbiome is determined by the dynamic turnover of immigration and elimination of microbiota, and how much by the relative reproduction rates of resident microbiota due to differential selective pressures. The answer to this question, now robustly supported by a variety of studies, study populations, and analytic approaches, is that the ecological determinants of the lung microbiome shift as patients progress from health (in which immigration and elimination are the dominant ecological factors) to severe lung disease (in which regional growth conditions are determinant) (Fig. 1A) .
One revealing approach has been the application of the neutral model of biodiversity (39, 53) . This model postulates that the composition of a community (in this case the lung microbiome) is determined by unbiased, "neutral" dispersal from source communities, rather than by the selective pressures of local environmental conditions. Rejection of the neutral model (that is, demonstration that community composition cannot be explained by unbiased dispersal) is evidence that a community is shaped by differences in the relative growth rates of its members. In a comprehensive analysis of the lung microbiome compared with the microbiota of 15 other body sites, Venkataraman et al. (53) found that the composition of the lung microbiome in health was best explained by neutral dispersal from the oropharynx. In a separate study, Morris et al. (39) used the neutral model to directly compare upper and lower respiratory tract microbiota in healthy volunteers. Al-though the authors identified some minor community members disproportionately represented in the lung compared with the mouth [e.g., a Tropheryma species that comprises around 1% of lung bacteria in health (33) ], the vast majority of lung community members were found in relative abundances consistent with neutral dispersal from the mouth.
A complementary approach to this key ecological question is the study of spatial variation in the healthy human lung microbiome (8). Significant spatial variation exists within healthy lungs in physiological parameters of unambiguous importance to bacterial growth [e.g., oxygen tension, pH, temperature (11, 29, 55) ]. If the healthy lung microbiome were determined by selective pressures of local growth conditions on resident bacteria, we should expect significant spatial variation in microbiota (e.g., enrichment of aerobic bacteria in the oxygen-rich apices). Yet in a recently published study of healthy volunteers, when we compared the microbiota detected at four lung sites as well as the supraglottic space (representing the source community of the upper respiratory tract), we found little evidence of spatial variation: there is no "left upper lobe microbiome" consistently distinct from that of the "right middle lobe microbiome." Intrasubject variation in microbiota was significantly less than intersubject variation, consistent with the conclusion that the healthy human lung microbiome is relatively homogenous and largely determined by immigration from the primary source community of the mouth rather than local growth conditions. This balance between the influence of immigration and elimination and that of regional growth conditions, however, shifts dramatically in advancing lung disease (Fig. 1A) . Venkataraman et al. demonstrated that the neutral model fails to explain the composition of the lung microbiome in diseased states (e.g., CF and interstitial lung disease) (53) , indicating that the lung microbiota of these conditions are instead determined by selective pressure within the lung environment. The microbiota of diseased lungs [e.g., chronic obstructive pulmonary disease (18) ; CF (25, 56) ] exhibit considerable spatial variation in microbiota, confirming both the presence of resident microbiota as well as significant spatial variation in the environmental growth conditions of diseased lungs. 3 The clinically familiar phenomenon of "colonization" supports this ecological shift: culture-identified colonizers are representative community members that are well adapted to the specific environmental conditions of diseased lungs and airways.
We can now articulate the central question of ecological homeostasis in the healthy lung microbiome: how, despite its constant exposure to the external environment, is the healthy lung microbiome kept in its state of relative stability? What immigration, elimination, and the effects of regional growth conditions on the reproduction rates of community members. In health, the community is primarily determined by the balance of immigration (from microaspiration) and elimination (via cough, mucociliary clearance, and immune defenses). MacArthur and Wilson's model arose from two key observations regarding the species richness (the number of plant and animal species) of islands located in the tropical Pacific region of Oceania. Firstly, they noted that the number of species present on a given island was inversely correlated with its distance from New Guinea, the nearest large land mass and each island's primary source community of immigrating species. They inferred that each island's proximity to this large land mass was the primary determinant of its immigration rate. Secondly, they observed that the number of species present on an island was directly correlated with its size; they inferred from this that each island's size was the primary determinant of its extinction rate. The species richness for any given island (in the absence of local selective pressures on reproduction rates) is determined by the balance of these rates of immigration and extinction (Fig. 1B) .
Reflection on Fig. 1B reveals the utility of MacArthur and Wilson's elegant conceptual model. The slope of the curve of immigration as a function of species richness is negative: with each added species there is one less potential colonist from the source community that has the potential to immigrate. The slope of the curve of elimination as a function of species richness is instead positive: with each additional species there is one more potential species that can potentially be eliminated. Changes in immigration and elimination rates alter the relative slopes of these curves and their corresponding intersections. A small island (with an accordingly high extinction rate), far from the mainland (with an accordingly low immigration rate) would be expected to have low species richness (Fig. 1B, point  x) . Conversely, a large island close to the mainland would be expected to have high species richness (Fig. 1B, point y) . For each island there exists an equilibrium point, a dynamic steady state to which, if perturbed, the system returns. Although the species richness of a given island is stable once it has reached equilibrium, the constant turnover of newly immigrated and eliminated species ensures that the population itself is dynamic.
This model serves as a rich and useful analogy for the population dynamics of the healthy lung microbiome. Whereas the islands of Oceania are populated by immigrating species from New Guinea, the human respiratory tract is populated by continuous immigration of microbiota from the primary source community of the mouth. For any given anatomical site in the airways or alveoli, the microbial population is a function of the relative rates of immigration and elimination (Fig. 1, A and B) . Although the average bacterial burden and community richness of healthy lungs is stable and consistent across studies, this stability reflects the dynamic equilibrium created by these balanced, opposing ecological forces of immigration and elimination.
This model readily permits predictions regarding how disease states and clinical interventions will alter the slopes of immigration and elimination curves, shifting the equilibrium point and influencing the lung microbiome. The slope of the immigration curve will be made steeper (more negative) by factors that accelerate microbial immigration to the lungs: close proximity to the larynx, laryngeal dysfunction, the presence of an endotracheal tube. The slope of the elimination curve will be made more shallow (less positive) by factors that decelerate microbial elimination: impaired cough reflex (as in lung transplantation or sedation), impaired mucociliary clearance (as in CF or ciliary dyskinesia), or impaired innate or adaptive immunity (as in states of immunosuppression). In two recent studies of the microbiota of healthy subjects, we have validated predictions made by this adapted island model of lung biogeography.
In the first experiment, a study of 28 healthy volunteers, we applied the model to the aerodigestive tract by comparing the microbiota of the mouth with two sites: the lungs and the stomach (3) . Although the mouth is the primary microbial source community of both the lung and gastric compartments, the two sites differ markedly in the relative balance of their ecological determinants. Whereas microbial immigration via microaspiration to the lungs is modest, microbial immigration to the stomach via swallowing is high (two liters of oropharyngeal secretions are swallowed each day). Whereas microbial elimination from the lungs is active and continuous (via cough, mucociliary clearance, and host immune defenses), microbial elimination from the stomach is passive and slow (via the 3-h mechanical passage of gastric contents to the duodenum). Thus our model would predict the lungs to have the low community richness and bacterial burden of a low immigration, high extinction site (Fig. 1B, point x) ; in turn, the model predicts that the stomach should have the high community richness and bacterial burden of a high immigration, low extinction site (Fig. 1B, point y) . These predictions were validated by the experimental results: the community richness of BAL specimens was, on average, half that of gastric specimens. The bacterial burden (as measured by 16S rRNA gene copies per 5 ml) was 10-fold higher in the stomach than in the lung; the bacterial burden of oral specimens was in turn 10-fold higher than that of the stomach. Thus, considered on the level of the organ system, the adapted island model accurately predicts the ecological features of the aerodigestive tract in health. As with all bacterial DNA-based experiments, this analysis does not distinguish between the living and the dead; the gastric pH of 2 is inhospitable to most oral bacteria.
In a second experiment, performed on 15 healthy volunteers, we tested whether the adapted island model can predict the ecological features of microbial communities sampled at various sites within the respiratory tract (8) . The adapted island model would predict that in health, proximity to the source community should be the primary determinant of community features within the respiratory tree. As shown in Fig. 1C , the results were entirely consistent with the predictions of the model. The community richness of the supraglottic space (representing the source community of the upper respiratory tract) was higher than that of intrapulmonary sites, just as within MacArthur and Wilson's model the community richness of New Guinea is greater than that of its satellite islands. Within the lungs, the right upper lobe had a community richness greater than that of the right middle lobe, which is more distal from the source community by the length of the bronchus intermedius. This spatial relationship was echoed in other important ecological parameters: in community membership, relative abundance of the Firmicutes phylum, and degree of intersubject variation, the right upper lobe more closely resembled the upper respiratory tract than did sites more remote from their common microbial source community. This adapted island model of ecological homeostasis is now thus supported empirically by multiple analyses of two distinct studies of healthy volunteers. Looking forward, this model provides a conceptual framework for coherent hypothesis testing. For a given perturbation, either pathological (e.g., laryngeal dysfunction) or therapeutic (e.g., inhaled corticosteroids), we may predict the effect on the slopes of the immigration and elimination curves. The intersection of these curves, in turn, predicts the dynamic steady state for the microbiota present in given patient's respiratory tract.
Model 2: Nutritional Homeostasis at the Host-Microbiome Interface
While the adapted island model provides a useful framework for understanding the lung microbiome in health (when the community is determined by the balance of immigration and elimination), it does not incorporate any effect due to differential reproduction of community members on the composition of the microbial community. It is thus of little utility in states of advanced lung disease, when environmental pressures selectively influence the relative growth rates of community members (Fig. 1A) . We thus require a conceptual model of ecological homeostasis in the lungs that can explain how the specific communities of injured airways and alveoli are established and maintained in equilibrium and how this equilibrium is abruptly disrupted in states of clinical decompensation (such as pneumonia or ARDS).
Although the relative growth of bacteria within a community may be influenced by any of a number of physiochemical factors (e.g., temperature, oxygen tension, pH), a key determinant of all reproducing bacterial communities is nutrient supply. The bacteria that comprise the lung microbiome are heterotrophic: they obtain their carbon via digestion of organic compounds. 4 Bacteria differ markedly in their ability to metabolize different carbon sources, a fact we exploit clinically to identify cultured bacteria (e.g., a lactose-fermenting gramnegative rod) and manipulate the enteric microbiome (via alterations in diet) (7) . Thus if we seek to understand the ecological determinants of the lung microbiome in disease, a good place to start is asking what the bacteria are eating.
Although both are mucosa-lined luminal organs with a common embryological origin, the lungs and gut differ markedly from the perspective of microbial nutrient supply (14) . Although the trachea and bronchi are, like the gut, lined with the heavily glycosylated proteins of secreted mucus, the vast majority of the lung's surface area is covered instead with a thin layer of lipid-rich surfactant. Whereas the gut lumen is replete with a constant stream of carbohydrates, proteins, and lipids, the lumen of healthy airways primarily contains inhaled and exhaled air. Thus, in health, the respiratory tract is a relatively nutrient-poor environment for most bacteria (Fig.  2A) ; this is one reason why local reproduction plays a minor ecological role in community composition in health (Fig. 1A) .
Yet in conditions of acute or chronic lung disease, bacterial nutrient supply surges. The airways of patients with severe CF, chronic bronchitis, bronchiectasis, and asthma are filled with the dense, glycoprotein-rich growth medium of secreted mucus. Deeper down in the respiratory ecosystem, alveoli of patients with ARDS and pneumonia are flooded with proteinrich edema from an injured alveolar-capillary barrier (26) (Fig.  2A) . Thus the transition from health to respiratory illness is also a transition from bacterial nutrient scarcity to abundance, with a corresponding shift in the reproduction rates of the lung microbiome.
In Fig. 2B , we propose a conceptual model of nutritional homeostasis in the respiratory ecosystem. In health (or at least clinical stability), bacterial growth is regulated by two negative feedback loops (arrows A and E). A surge in bacterial growth provokes a local increase in alveolar inflammation, which inhibits further bacterial growth via the well-described mechanisms of microbial killing and clearance (arrow A). Additionally, the growth of a bacterial community depletes its own finite nutrient supply, which in turn inhibits further growth (arrow E). 5 These tight, stabilizing negative feedback loops can be overwhelmed, however, if the provoked inflammation results in enough endothelial and epithelial injury (arrow B) to cause leak of protein-rich edema into the alveolar compartment (arrow C, Fig. 2A ). This sudden abundance of organic substrate restores the community's depleted nutrient supply (arrow D), promoting further bacterial growth (arrow E). This growth, in turn, provokes further inflammation, and the positive feedback loop is perpetuated with a crescendoing intensity. This model thus provides conceptual explanations both for the homeostasis of a stable microbiome as well as the disruption of homeostasis observed in the abrupt, progressive pathologies of ARDS and pneumonia.
In an innovative and important recent study (44), Poroyko and colleagues used a murine model of direct lung injury to experimentally validate numerous elements of this conceptual model of nutritional homeostasis in the lung microbiome. Using intratracheal instillation of lipopolysaccharide (LPS), they reliably provoked alveolar inflammation, injury, and an influx of protein-rich edema. In the terms of our model (Fig.  2B) , they bypassed the inciting event of bacterial growth (arrow A) and directly provoked its downstream consequences (arrows B-D). Consistent with the prediction of this model (arrow E), they observed a significant increase in the bacterial burden of the lungs following injury. 6 Bacterial community diversity did not drop following lung injury, evidence that they did not accidentally provoke a pneumonia (12) . Rather, the complex and expanding bacterial community shifted in its composition toward select members, present before injury and selectively favored by the altered growth conditions of injured lungs: Stenotrophomonas maltophilia and Ochrobactrum anthropi, both confirmed via culture. Using metabolic profiling of BAL fluid, the investigators confirmed that the injured lungs contained numerous organic substrates that are metabolized by the bacterial community members enriched following lung injury. This key observation demonstrates the plausibility of selective nutrient abundance determining the composition of the postinjury lung microbiome (Fig. 2B, arrow E) . Finally, the authors "closed the loop" by validating Fig. 2B 's arrow A: when a separate inflammatory exposure (IL-6) was administered to healthy mice, the coadministration of bacterial pellets obtained from the BAL of injured lungs provoked more inflammation and injury than did the bacterial pellets taken from healthy lungs. The altered lung microbiome itself potentiates further alveolar inflammation and injury. Thus, taken together, this elegant study has revealed a possible centrality to the microbiome in states of lung injury: both as its effect and as its cause.
Model 3: Interkingdom Signaling and the Community Stress Response
A key feature of homeostatic systems in physiology is signaling: molecular mechanisms by which an organism's tissues and cells communicate to other tissues and cells that the internal environment has been perturbed. Broad classes of signaling molecules correspond to their respective physiological disciplines: hormones (endocrinology, e.g., insulin's role in coordinating the response to altered blood glucose concentration), neurotransmitters (neurophysiology, e.g., the role of catecholamines in mediating the sympathetic stress response), and cytokines (immunology, e.g., TNF-␣'s role in the acute phase response). In our conventional models of host physiology, these molecular mediators are the "code" used to coordinate the dynamic elements of our complex internal systems. But an explosion of recent research has revealed that microbiota have cracked this code. In states of stress, microbes and their human hosts speak the same language.
We evolved into the microbes' world, not vice versa. The very structure of our eukaryotic cells is a patchwork assembly of our prokaryotic ancestors. Our cell membranes and core metabolic pathways resemble those of Bacteria (49); our mechanisms of DNA replication, transcription, and translation resemble those of Archaea (17); our mitochondrial genome specifically resembles that of Rickettsia prowazekii (2) . It is thus unsurprising that microbes can recognize and respond to the molecules our cells use to communicate with each other. And, indeed, a long and growing catalogue of human signaling molecules have been shown in vitro to influence microbial growth and behavior: hormones [e.g., glucocorticoids, estrogens, and androgens (42, 58) ], neurotransmitters [e.g., catecholamines and endogenous opioids (34, 57) ], and cytokines [e.g., TNF-␣, IL-1, IL-6, IL-8 (30, 31, 43) ]. Among the many bacterial species that respond to host signaling molecules (23) are many familiar respiratory pathogens: Streptococcus pneumoniae (37), Pseudomonas aeruginosa (22) , Staphylococcus aureus (40) , Klebsiella pneumoniae (21) , and Escherichia coli (34) . Study of this "interkingdom signaling" is now its own discipline: microbial endocrinology (35, 47) .
By focusing on one common respiratory pathogen (P. aeruginosa, the most common cause of ventilator-associated and hospital-associated pneumonia) and one class of signaling molecules (catecholamines, the primary neuroendocrine mediators of the host stress response), we can start to develop a conceptual model of pneumonia pathogenesis that spans the host-microbiome divide. As shown in Fig. 3A , the in vitro growth of P. aeruginosa is significantly enhanced in the presence of catecholamines (norepinephrine and dopamine) (22) . 7 Given that the effects of catecholamines on bacterial growth are specific to each species rather than universal among bacteria (20, 34) , high catecholamine concentrations would be expected to selectively favor the growth of select members of the lung microbiome. In a recently published study of the microbiota detected in human BAL specimens (13), we observed that increased intra-alveolar catecholamine concentrations were strongly associated with collapse in community diversity and the emergence of a single dominant pathogen, the most abundant of which was P. aeruginosa (Fig. 3B) .
Taken together, these recent in vitro and in vivo observations demonstrate the plausibility of the positive feedback loop outlined in Fig. 3C . Any source of alveolar inflammation and injury (e.g., viral infection, toxic inhalation, or a large inoculum of aspirated bacteria) provokes an increase in alveolar catecholamines, which are produced by alveolar macrophages and neutrophils (19) . This increase in alveolar catecholamine concentration selectively favors the growth of certain catecholamine-responsive bacteria, which alters the composition of the lung microbiome. 8 In the case of complete community collapse, a single dominant species overtakes the respiratory ecosystem, both begetting more inflammation and benefiting from the surge in catecholamines provoked.
Whereas negative feedback loops promote self-regulation and stability, positive feedback loops promote dysregulation and instability via amplification of signal. The feedback loop in Fig. 3C may explain a fundamental feature of bacterial pneumonia: its uniformly acute onset. As clinicians know well, bacterial pneumonia arises abruptly over hours rather than over days or weeks. The chest X-ray of a ventilated patient may turn from clear to consolidated overnight, even in the absence of gross aspiration. This explosive suddenness bears the hallmarks of a self-amplifying positive feedback loop such as outlined in Fig. 3C .
Catecholamines are only one class of host stress signals that may participate in this form of interkingdom feedback loop. Numerous other host inflammatory signals with in vitro potential to promote bacterial growth and virulence are also elevated in the alveoli of patients with pneumonia [e.g., TNF-␣, IL-1, and IL-6 (38)]. Furthermore, this conceptual model is likely not specific to the pathogenesis of pneumonia: a similar but distinct milieu of inflammatory molecules fill the alveoli of patients with ARDS, likely influencing the microbiota of that disease.
Exogenous catecholamines and adrenergic agonists are among the most commonly administered medications in patients with critical illness and respiratory disease: systemically as vasopressors (norepinephrine, epinephrine, dopamine), as antihypertensives (clonidine) and as sedatives (dexmedetomidine), and via the airways as bronchodilators. Catecholamine antagonists are also ubiquitous in clinical practice (e.g., betablockers in cardiovascular disease). No study to date has evaluated whether exogenous catecholamines independently influence the lung microbiome. The mechanisms by which catecholamines and cytokines affect the growth and virulence of bacteria are largely unknown (35) and may represent an enormous untapped reservoir of targets for prevention and treatment of respiratory infection. The notion that "protective" lung microbiota may participate in stabilizing feedback loops with the host immune interface is attractive but to date has not been demonstrated.
Conclusion
The disciplines of physiology and ecology converge conceptually with the concept of homeostasis; they converge biologically at the interface of the host and its microbiome. We here propose three conceptual models by which the complex system of the lung microbiome establishes and maintains homeostasis in health, and loses it in states of clinical decompensation. These models provide theoretical frameworks for the next generation of physiological investigations into respiratory health and illness. 
